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Glass fibre reinforced polypropylene (GF/PP) composite is a well-established material 
system for fabricating bistable composite tape-spring (CTS) structure.  It is light-weight and 
multifunctional, and has attracted growing interest in shape-adaptive and energy harvesting 
systems in defence, civil and especially aerospace engineering.  The factors governing its 
bistability have been well-understood; whist there is limited research concerning the 
micromechanics and microstructural failure.  In this research, we investigate the failure 
mechanisms of the GF/PP composite.  This is achieved by performing in-situ neutron 
diffraction on composite specimens using the ENGIN-X neutron diffractometer at Rutherford 
Appleton Laboratory.  Shear failures are characterised at both macroscopic and microscopic 
scales.  Elastic and viscoelastic strain evolutions at different levels reveal the micromechanical 
shear failure.  The failure mechanisms are then proposed, which will benefit optimisation of 
structural design and structural integrity of the CTS in aerospace applications.   
I. Nomenclature 
dhkl = Lattice spacing in the hkl crystalline plane 
h = Planck’s constant 
kβ = Fraction of β-crystals 
m = Neutron mass 
t = Time of flight 
A = Integrated area of crystalline peak  
G = Shear modulus  
H = Height of a crystalline peak 
I = Intensity of neutron diffraction 
L = Flight path of neutrons 
Sij = Elements of the compliance matrix 
ε = Strain 
λ = Wavelength 
γ = Shear strain 
θb = Fixed angle of neutron scanning  
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Glass fibre reinforced polypropylene (GF/PP) composite is a well-established material system for fabricating bistable 
composite tape-spring (CTS) structures, which have been extensively used in defence, civil and aerospace 
applications.  The CTS was invented by Daton-Lovett in 1996 [1], and consolidated theoretically by Cambridge 
researchers [2–5].  The factors governing its bistability are well-understood: it is a combination of material constitutive 
behaviour, initial geometrical proportions, and geometrically non-linear response [5].  This inherent structural 
behaviour has similarities with the lock-stay or side-stay assemblies within an aircraft landing gear: these extend and 
retract with the gear but remain in a fixed position when the gear is stowed in the bay or locked in the down position.  
Thus, it is envisaged that by using CTS structures, they could further reduce weight, complexity and maintenance 
compared to the conventional lock-link assemblies [6].   
We have characterised the folding nature of the GF/PP-based CTS structures through experiments, finite element 
analysis and theoretical modelling [7]: a typical folding process consists of linear bending, torsional buckling, 
localisation and then folding at large displacements [8]; the folded tape shape is dominated by axial strains and 
transverse curvature changes [9].  To date, there has been extensive research on microstructural analysis of a semi-
crystalline polymeric material; whist the micromechanical evolution within a composite is rarely studied.  
Investigations into the latter would provide essential insight for maintaining the structural integrity of the CTS during 
the folding process.  This can be achieved through diffraction techniques.   
Non-destructive testing using X-rays or neutron diffraction offer special advantages over conventional destructive 
methods, and have been extensively used to investigate in-situ, the microstructures, residual stresses, strain and stress 
fields, deep inside a material system [10].  The strain measurements are based on monitoring the shifts of the Bragg’s 
peak positions within a structure [11].  Although X-rays and neutron diffractions share similar principles, the neutron 
technique is superior in terms of penetration depth and light elements (with bigger neutron absorption cross-section) 
detection [12].  The ENGIN-X at Rutherford Appleton Laboratory (STFC, UK) is a dedicated time-of-flight (ToF) 
neutron diffractometer for strain measurements.  It offers a large detector coverage area and wide scattering range, in 
order to provide data with high stability and accuracy [13].  Thus, it is an ideal tool to study the strain-dependent shear 
failure of the GF/PP composite.   
In this research, we investigate the shear failures of the GF/PP composite at both macroscopic and microscopic 
scales.  The macroscopic failure is characterised through tensile failure of ±45° laminates; whilst microscopic failure 
is studied in-situ, by applying neutron beam at different strain levels using ENGIN-X.  Here, we highlight the elastic 
and viscoelastic strain evolutions at both macroscopic and microscopic levels, in order to characterise the 
fundamentals of micromechanical failure.  Failure mechanisms are then proposed to provide further insight to benefit 
optimisation of structural design, as well as structural integrity and lifetime predictions of the CTS for aerospace 
applications.   
III. Technical background 
A. Neutron strain scanning 
Following the discovery of the neutron by Sir James Chadwick in the Cavendish Laboratory at Cambridge 
University in 1932 [14], the neutron strain scanning (NSS) method was developed in the 1960s [10].  Figure 1 
schematically shows an experimental setup for the neutron ToF scattering using ENGIN-X.  The pulsed neutron beam 
with a wide range of kinetic energy impinges on a sample and is then scattered by its internal structures (phases); the 
detectors collect the diffracted neutrons at a fixed angle of 2θb.  Neutrons can penetrate deeply into a material, and 
therefore elastic strains can be measured non-destructively as briefly described blow.  The wavelength of the detected 






where h is the Planck’s constant, m is the neutron mass, L1 and L2 are the primary and secondary flight paths, 




Figure 1 A schematic representation of the principle of neutron strain scanning using ENGIN-X 
diffractometer; elastic strain is measured along the directions of the impulse exchange vectors, 
q1 (longitudinal direction) and q2 (thickness direction), through the two detectors.   
The spectrum diffracted by a polycrystalline material consists of different crystalline peaks corresponding to a 
Miller index (hkl) family of lattice planes, and follow Bragg’s law.  Thus, the d-spacing is obtained from the position 




2 sin 𝜃B 𝑚(𝐿1 + 𝐿2)
𝑡ℎ𝑘𝑙 (2) 
The peak positions can be determined precisely by a least-square refinement of the peaks, with a typical resolution 
of 50 𝜇𝜀.  The elastic strain, 𝜀ℎ𝑘𝑙, is calculated from the changes in the molecular interplanar distances 𝑑ℎ𝑘𝑙  along a 
general direction, compared with a stress-free reference 𝑑ℎ𝑘𝑙
0  measured in the same direction:  
 𝜀ℎ𝑘𝑙 = (𝑑ℎ𝑘𝑙 − 𝑑ℎ𝑘𝑙
0 )/𝑑ℎ𝑘𝑙
0  (3) 
B. Phase identification 
To determine the phases of the GF/PP composite from neutron scattering, we first scanned pure GF and pure PP 
samples separately, which contain the same volume of material as in a GF/PP specimen.  It shows that diffraction 
from GF has negligible effect on diffraction pattern of PP: the peak intensity count of pure GF pattern is only 9000, 
compared to 230000 in a pure PP sample.  Furthermore, the neutron pattern of pure PP is also found effectively the 
same as in a GF/PP sample.   
The PP matrix is a semi-crystalline polymer with a melting temperature (Tm) of 453 K and a glass transition 
temperature (Tg) of 263 K.  Its microstructure has been extensively studied and well-understood [15–17].  The 
crystalline phase of PP varies from α- to γ-crystals, depending on the thermal conditions [18].  Generally, cooling of 
the PP at 50-300 K/s leads to formation of α-crystals; at lower than 50 K/s, β-crystals grow.  Faster cooling is associated 
with mesomorphic phase or vitrification of the entire melt [19].  The γ-crystals develop preferentially in the presence 
of chain defects, which limit the isotactic sequences, in low molar mass fractions or during crystallisation at an 
elevated pressure [20].   
Figure 2 shows an example of profile analysis of the neutron scattering pattern of a GF/PP sample obtained at 
ENGIN-X.  The 2D neutron scattering data is smoothed first using MDI Jade 6.0 (Materials Data Inc., Livermore, 
CA, USA), and the background is maintained as linear.  The profile function based on Pearson’s VII distribution is 














here m is the shape parameter and equal to 1.52, which has been proven to give the best fit for PP [22].  The integrated 




























∑ 𝐴cri + 𝐴amo
 (5) 
where ∑ 𝐴cri is the sum of integrated area of all the crystalline peaks, and 𝐴amo is the area of amorphous halo [18].  
Define the relative fraction of β-crystals, kβ, as:  
 𝑘β =
𝐻𝛽1
𝐻𝛽1 + 𝐻𝛼1 + 𝐻𝛼2 + 𝐻𝛼3
 (6) 
𝐻𝛼1, 𝐻𝛼2, 𝐻𝛼3  are heights of the three strong equatorial α-crystalline peaks (110), (040) and (130), respectively; 
𝐻𝛽1  is the height of the strong β-crystalline peak (300).  Here, the representative β-peak is compared to the sum of the 
three α-crystalline peaks rather than any individual of these peaks, since variation in the relative heights of three           
α-peaks depends on the degree of isotaxy and the thermal treatment applied [18].   
 
Figure 2 Profile analysis of neutron scattering pattern of a GF/PP composite sample in a stress free 
state using ENGIN-X.   
The phases within a GF/PP composite can be determined as indicated in Figure 2.  Upon cooling, the PP matrix 
crystallises into α-crystals.  Since the surfaces of oriented α-crystals can trigger the formation of β-crystals [23], the 
oven-baking process results in a mixture of α- and β-crystals; the peak positions are also identified [18].  The peak 
reflections from α-crystals include (110), (040), (130), (111) and (1̅31); β-reflection peaks include (300), and (311).  
The latter coincides with the α-(111) reflection and is invisible; the (300) is distinctive and a strong reflection that 
usually represents β-crystals [24].  The crystallinity and fraction of β-crystals within a non-stressed GF/PP composite 









































A. Composite sample preparation 
Our composite samples use glass fibre (GF) reinforced polypropylene (PP).  The layup consists of three layers of 
plain-weave GF and PP sheet, and Table 1 gives the material properties [8].  To produce a composite sample, the 
layup was placed between two pieces of PTFE coated glass fabric paper, and gradually wrapped and tightened on two 
flat steel plates (320×50×3 mm) using heat-shrink tape.  Foldback clips were then used to lock the layup before curing 
in a pre-heated fan-assisted oven at 225 ˚C for 5 hours.  After the mould was released, each sample was manually cut 
into dog-bone shape in readiness for testing.  The composite has a fibre volume fraction, Vf, of 30%.   
Table 1 Material properties of glass fabric and polypropylene sheet.   
Materials GF plain-weave woven PP sheet 
Density 200 g/m2 0.9 g/cm3 
Thickness (mm) 0.20 0.5 
Construction warp×weft (th/cm) 7.4×7.4 -- 
Poisson’s ratio 0.2 0.42 
Elastic modulus (GPa) 72.4 1.53 
Shear modulus (GPa) 30 0.54 
Thermal expansion coefficient  
(TEC µm/m°C) 5.0 84.8 
B. Macroscopic failure characterisation 
Macroscopic shear failure of the GFPP composite was performed at the ENGIN-X of Rutherford Appleton 
Laboratory, UK, following ASTM D3518 [25].  Figure 3 shows the experimental setup.  Composite samples (±45˚ of 
layup) were clamped to the tensile grips inside an environmental chamber through bespoke aluminium adapters with 
a span of 30 mm.  An extensometer and a k-type thermocouple were mounted on the sample surface.  All tests were 
performed at a crosshead speed of 2 mm/min at ambient temperature.  Owning to limitation on the space of 
environmental chamber, the applied strain level was limited to 30%.   
 









The compliance in the fibre direction is virtually independent of time effects; the compliance components S12 and 
S21 have weak time dependencies [26].  The fibre-dominated compliance terms (𝑆11 = 𝑆22, 𝑆12 = 𝑆21) are assumed to 
be time independent and the matrix dominated term (𝑆66) is time dependent.  For an orthotropic woven composite 




















where Sij are the elements of the compliance matrix; the subscript vis is the viscoelastic term of strain.  In-plane shear 
properties of a composite can be determined through a uniaxial tensile test from ±45° laminates following               
ASTM D3518 [25].  Thus, the viscoelastic strain follows:  
 𝛾12(𝑡)𝑣𝑖𝑠 = 𝛾12(𝑡) − 𝜏12(𝑡)/𝐺12 (8) 
C. Microscopic failure characterisation 
The NSS was also performed using the ENGIN-X as shown schematically in Figure 4.  A bespoke tensile adapter 
was used to clamp the composite samples, with a span of 30 mm to allow the scattered neutrons passing through.  The 
incident neutron beam was 45˚ to the longitudinal axis of the sample, and the gauge volume of the beam was          
4×4×10 mm.  Strain was applied through an Instron machine, at a constant displacing speed of 2 mm/min.  Stress free 
pure PP (before and after heat treatment), pure GF and GF/PP composite samples, were first scanned as the references 
for the subsequent stressed samples.   
 
Figure 4 Schematic representation of experimental setup at ENGIN-X, with a sample span of 30 mm.   
V. Results and discussion 
A. Residual stress within a composite 
Since the reinforcement GF has marginal effect on the neutron pattern, residual stress within a composite can be 
evaluated through microstructural changes within the PP matrix.  The oven-baking process corresponds to 
recrystallisation of PP, the heat treated PP only sample has a crystallinity of 73.3%, and β-crystal ratio of 53.4%.  
When solidified into a composite, there is slight reduction in both crystallinity and β-crystal ratio, giving 70.9% and 
51.0%, respectively.  Comparison of neutron patterns from both samples show slightly peak shifts of (111) and (1̅31) 
crystalline planes, which belong to diffractions of α-crystals.  Both interplanar distances become bigger, indicating 
the residual stresses introduce tension in the composite as α-crystals are under compression.  Residual strain associated 
with these two peaks are 3% and 5%, respectively.  These residual stresses are caused by mismatch of thermal 

















B. Macroscopic shear failure 
Figure 5 shows a shear stress-strain curve of a GF/PP composite at room temperature.  The shear modulus, 𝐺12, is 
calculated from the quasi-elastic linear region, and gives 851 MPa.  It then becomes nonlinear, followed by a second 
almost linear region, giving a lateral shear modulus 𝐺12
∗ = 87.6 MPa, before failure occurs.  The shear strength and 
shear strain at macroscopic failure are 48.0 MPa and 27.3%, respectively.   
 
Figure 5 Shear stress-strain curve of a GF/PP sample tested at room temperature: inset shows the 
definition of 0.2% offset shear strength following ASTM D3518 [25].   
 
Figure 6 Plot of viscoelastic strain change during shear failure of a GF/PP composite sample at room 
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The yield shear stress and strain can be determined through offsetting the quasi-elasticity line by 0.2% along the 
strain axis as recommended by ASTM D3518 [25].  Thus, the transition from elastic to viscoelastic deformation is at 
a strain level of 2.2%, with a yield stress of 19.0 MPa.  The growth of viscoelastic strain can be determined following 
Eq. 8, resulting data show in Figure 6.  The elastic region corresponds to the quasi-elastic linear region as in Figure 5.  
The secondary linear region (as in Figure 5) correlates to the significant increase in viscoelastic strain as shown in 
Figure 6: this is consistent with the linear viscoelasticity of GF/PP composite as observed from the stress relaxation 
tests (experimental data are deposited in [28]).   
C. Microscopic shear failure   
Figure 7 shows a comparison of neutron patterns of GF/PP composite at three different strain levels at room 
temperature.  Generally there are peak shifts of (111) and (1̅31) crystalline planes from α-crystals when stressed.  
Figure 8 shows more detailed crystalline peak evolutions from both α- and β-crystals.  The (representative) diffraction 
peak (300) of β-crystals is stable across all of the applied strain levels, where β-crystals are primarily un-oriented [24].  
The α-crystals endure tensile strains in response to tensile loading, which is observed under all testing temperatures 
[28].  Thus, the microstructural analysis is mainly focused on phase evolution of α-crystals.   
 
Figure 7 Comparison of neutron patterns of GF/PP composite at different strain levels under room 
temperature.   
Figure 8 shows more details of the changes in peak positions of both (111) and (1̅31).  They both reduce close to 
linear with applied macroscopic strain, and contribute to the elastic responses of the composite; the reductions then 
start to slow down at ~20% of applied strain.  Further deformation corresponds to saturated and stabilised peak 
positions of α-crystals, where extra deformation relies mainly on deforming in the amorphous or oriented amorphous 














































Figure 8 Crystalline peak position changes with applied strain: (111) and (?̅?31) peaks are from α-crystals; 
the (300) peak is representative of β-crystals.   
D. Failure mechanisms  
The crystalline peak positions as discussed above are monitored in longitudinal direction (q1 as in Figure 1), elastic 
strain carried by α-crystals can be calculated using Eq. 3.  Figure 9 shows the microstructural changes in terms of 
strain, crystallinity and ratio of β-crystals.  The scatter of data points may be attributed to discontinuous macroscopic 
strain steps and to material variation.  The premature failure of crystals was determined from the neutron pattern, 
where peak spallation was clearly observed at a certain strain value.  When crystal deformation initiates, the strain 
carried by crystals increases almost linearly with applied macroscopic strain; fracture is observed at macroscopic strain 
of 15%: this is in accordance with significant drop in crystallinity as in Figure 9-b; the strain carried by the crystals 
then becomes saturated and stabilised at around 14%.  Upon initial loading, it is also observed that there is an increase 
in β-crystal ratio, since applying shear can promote the growth of β-crystals [29], which then decreases proportionally 
with macroscopic strain.   
 
Figure 9 Microstructural changes of GF/PP composite at room temperature, showing (a) longitudinal 
elastic strain carried by α-crystals, (b) crystallinity and (c) ratio of β-crystals, kβ; fracture is 
determined from clear observation of peak spallation in the neutron pattern.   
To further understand the micromechanical evolution during loading, a microstructural model of polymeric matrix 
is essential.  For semi-crystalline material, a two-phase microfibrillar model was developed by Peterlin [30], and is 
generally considered to be applicable.  Here, it is considered that crystalline and amorphous phases are bridged by 
taut-tie molecular chains (TTMs), which have a distribution of contour lengths or strains at breaking, and carry loads 
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phase or ‘Swiss-cheese’ model [32], and proved to control the instantaneous mechanical performance, such as stiffness 
and toughness in some materials [33, 34].   
 
Figure 10 Microstructural strain evolution in response to applied macroscopic strain of GF/PP composite 
at room temperature, showing changes of both elastic and viscoelastic strains.   
Figure 10 shows the evolution of elastic and viscoelastic strain at micromechanical level, together with the applied 
macroscopic strain.  Since elastic strain is directly from crystalline peaks, viscoelastic strain represents deformations 
from both amorphous and oriented amorphous regions.  It infers that at low macroscopic strain, i.e. from 0 to 5%, the 
crystals are reluctant to the mechanical loading: only 0.6% out of 5% of applied strain is carried by α-crystals.  This 
indicates that initial loads are carried by TTMs.  The yield strain of GF/PP composite (at macroscopic level) is 
determined to be 2.2% (Section V.B.), which attributes to the maximum capacity of the oriented amorphous phase.  
This is in consistence with previous findings as the TTMs determine instant load-carrying capacity in some material 
systems [31].  At intermediate strain level, from 5% to 15%, load transitions occur within all three phases.  Elastic 
deformations are mainly carried by crystals and proportional to the applied macroscopic strain (Figure 10); viscoelastic 
(or residual) strains are stored mainly in the amorphous phase which control the viscoelasticity [34].  Further loading 
leads to fracture of crystals, signifying that the maximum capacity of α-crystals carried by straining becomes 
stabilised; there is then a significant drop in crystallinity, as additional deformation relies mainly on amorphous 
regions.   
VI. Conclusions 
We have investigated in-situ, the micromechanical shear failure of a GF/PP composite using ENGIN-X neutron 
diffractometer at Rutherford Appleton Laboratory.  The shear failures at both macroscopic and microscopic levels are 
determined to provide further insight into the failure mechanisms of the composite.   
The micromechanical failure of the GF/PP composite is dominated by the PP matrix, which follow the three-phase 
microstructural model as consisting of crystalline, amorphous and oriented amorphous phases.  There are clear 
observations of microstructural phase changes when subjected to loading.  It is found that, at room temperature, the 
oriented amorphous phases are the dominant load bearing constituent within the composite.  Since macroscopic 
yielding occurs before the appearance of any fracture of microstructures, it is concluded that the yield is controlled by 
the TTMs, and therefore the load-carrying capacity of the GF/PP composite.  As an established material system for 
CTS structures, these new findings provide valuable information for optimisation of manufacturing process, and 
maintain structural integrity of the CTS on folding.   
Microstructural phase transitions within a semi-crystalline material are usually reversible, and dependent on 
external conditions.  Future work will focus on temperature dependency, stress relaxation, as well as endurance 
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